In the present work the effect of different factors in the synthesis of ZnO powders by the homogeneous precipitation method is analyzed. A robust statistical technique, Taguchi's method, was used to reduce the experiments number. The variables studied were precursor, solvent and precipitating agent type, Zn molar concentration, percentage of saturation, speed and time of agitation, and temperature of synthesis. In order to optimize the particle size, an experimental design of 18 trials was proposed, according to L 18 Taguchi array. Structural and morphological properties were characterized by X-ray diffraction (XRD) and scanning and transmission electron microscopy techniques (SEM and TEM). The estimated crystallite size in synthesized samples ranged from 32 to 57 nm. The morphologies obtained presented several forms, such as spheres, wires, flowers, bars, and tetrahedrons, with a particle size variation of 35 to 165 nm. In this work it is shown that using a statistical experimental design leads us to a fast and reliable optimization of the synthesis parameters for obtaining small size ZnO nanoparticles, thus optimizing time and human and materials resources.
Introduction
Zinc oxide (ZnO) is a semiconductor material that in recent years has attracted much attention due to its physical and electronic properties, such as wide direct band gap (∼3.36 eV), large exciton binding energy (∼60 meV), and excellent thermal stability. These properties have led to multiple applications of ZnO in various technological areas, such as optoelectronics, cosmetology, medicine, and industry [1, 2] . In addition, ZnO is a low toxicity, biocompatible and biodegradable material; these properties make possible its use in photocatalysis for water treatment [3] .
On the other hand, ZnO in powder form and with nanometric dimensions presents a great potential for its application in solar cells [4] , photocatalysts [5] , varistors [6] , and gas sensors [7] , among others. There are multiple synthesis techniques for producing ZnO nanoparticles, which determine the dimensions and morphologies of the particles. Among the most reported techniques in the literature, we can mention sol-gel [8] , direct and hydrothermal precipitation [9] [10] [11] , aerosol process [12] , sonochemical [13] , microemulsions [14] , mechanochemical process [15] , and spray pyrolysis [9] , among others. In most synthesis techniques a considerable number of variables should be considered, and the evaluation of the effect of each on the final product would require a very large number of experiments. Taguchi's method proposes a statistical experimental design that limits the number of experiments, according to the number of variables and their values (levels) to be analyzed, evaluating the effect of the variables and their magnitudes on the response of interest [1, 2, [16] [17] [18] [19] [20] . This statistical method is commonly applied in robust processes and allows decreasing the complexity of an experimental design, compared to other conventional techniques [19] . As the new technological trends demand obtaining a high quality material with nanometric particle size, Taguchi's design is ideal in this type of processes, since we can evaluate the effect of every variable in the synthesis process with a reduced number of experiments, and from the response graphs it is also possible determine the values or levels most appropriate for each analyzed variable. Furthermore, Taguchi's method allows evaluating the effect of every variable analyzed on the measured response, as well as suggesting the optimal values, thus saving time and resources (human and materials) significantly.
In this work we propose analyzing the effect of different variables involved in the synthesis of ZnO nanoparticles by the homogeneous precipitation method, seeking to reduce the size of the particles, using Taguchi's technique. The proposal consists in analyzing the effect of eight experimental variables with three values or levels each, namely, (1) precursor type, (2) Zn molar concentration in the prepared solutions, (3) type of precipitating agent, (4) type of solvent, (5) percentage of saturation, (6) temperature of synthesis, (7) stirring rate of the solution, and (8) stirring time. The obtained nanoparticles were characterized by XRD technique, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to analyze their structural and morphological properties, respectively. at room temperature. (2) Once homogeneous solutions are obtained, the precursor solutions and precipitating solutions are mixed according to the experimental design proposed. The mixtures were stirred at different speed and time, namely, 300, 500, and 1000 rpm, during 30, 60, and 120 min. (3) Subsequently, the solutions obtained were centrifuged in an Eppendorf Model 5430, at 4500 rpm for 6 min until obtaining a solid white paste, which was thrice washed with methanol. (4) The resulting pastes were dried in air in a conventional furnace at 100 ∘ C for 1 h. (5) Finally, in order to remove the residual organic compounds, powders were calcined in air in a high temperature furnace at 400 ∘ C for 2 h. The trials were identified as Si, where represents the trial number. The synthesis conditions used are reported in Table 1 . It should be mentioned that, in trial 13, no precipitation was obtained; this result is attributed to the inhibition of the chemical reactions that lead to the ZnO formation; then in the following there are no characterization results reported for this sample.
Experimental Details

Characterization of ZnO Powders.
The structural properties of the ZnO powders were analyzed by X-ray diffraction (XRD) technique in a PANalytical diffractometer (X'PERT-PRO model), with Cu-K radiation ( = 0.15406 nm). The diffraction patterns were taken in 2-theta mode (2 ) in the 30 to 80 ∘ range, with a scan step of 0.02 ∘ /min. ZnO powders were put onto on a glass slide, previously covered with carbon tape, and then protected with Parafilm, vinyl-tape. The morphological characteristics of the powders were analyzed by scanning electron microscopy (SEM microscope, HR-SEM-Auriga, Zeiss) and transmission electron microscopy (TEM microscope, JOEL, JEM-ARM200F). Particle size was statistically estimated from TEM and SEM images, using ImageJ software for SEM and Digital Micrograph for TEM.
The surface area of the ZnO powders for the samples with the most prominent morphologies (S6: bars and S7: flowers) was estimated using the BET technique (BrunauerEmmett-Teller (BET): Micromeritics, Gemini 3240) by 12-point nitrogen adsorption. This technique provides precise specific surface area evaluation of materials by nitrogen multilayer adsorption measured as a function of relative pressure. The measurement was carried out after degassing the samples at 150 ∘ C for 2 h in N 2 . The surface area data are important due to our interest in applying the synthesized S15  2  2  3  1  2  3  2  1   S16  2  3  1  3  2  3  1  2   S17  2  3  2  1  3  1  2  3   S18  2  3  3  2  1  2  3  1 ZnO powders for manufacturing chemical gas sensors, since an increasing of the surface area, or presence of a porous structure, are suitable for increasing the gas sensing response. The optical properties of the ZnO powders were analyzed using a Jasco V-670 UV-Vis spectrophotometer, in the reflectance mode, using the accessory number SLM-736. The reflectance spectra were obtained from ZnO powders contained in a quartz cuvette, in a wavelength range of 200-1100 nm. The data obtained were transformed through the Kubelka-Munk function
Taguchi Design.
Based on the large number of variables studied and values or levels number proposed, in this work, the statistical experimental design proposed by G. Taguchi [19] was used. The Taguchi method allowed us to find out the optimal conditions for synthesizing ZnO powders. The Taguchi orthogonal matrix, L 18 (2 1 × 3 7 ), was used for designing the experimental trials, considering the mentioned eight variables and three different levels, with exception of precursor type (see Table 1 ).
It should be considered that an experimental array with eight variables and the two or three levels fixed would lead to 56 different trials or experimental combinations; however, by using a L 18 (2 1 × 3 7 ) Taguchi experimental design, the experimental array is reduced to eighteen trials. Consequently, it is evident that the experimental design proposed leads us to a significant time and resources reduction, since every experimental trial requires a working time around 6 h, in addition to time required for characterization of the powders. Table 2 shows the different trials suggested by the Taguchi orthogonal matrix design, L 18 (2 1 × 3 7 ), that consists of nine columns reporting the ID samples and the eight variables, and 18 rows, corresponding to the trials suggested.
Results and Discussions
Structural Properties.
The structural phase and the crystallite size were analyzed by the X-ray diffraction technique. Figure 1 shows the diffraction patterns of all synthesized ZnO samples. All diffraction peaks presented in the spectra fit well to the wurtzite hexagonal phase of ZnO, according to the crystallographic card JCPDS 36-1451 [20] . The diffraction peaks associated with the different crystallographic planes of the wurtzite phase are presented at the following angles, 2 , (1 1 2) , and 69.03 ∘ (2 0 1). The obtained diffractograms revealed that all samples present a preferential growth in the plane (101). It should be mentioned that we cannot obtain any conclusions about the intensity magnitudes recorded, since the powder quantity analyzed was not controlled.
The crystallite size was estimated by Scherrer's equation, ℎ = / cos , where is a constant (∼0.89), is the wavelength of the radiation used ( Cu = 0.154 nm), is S18 S17 S16 S15 S14 S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2 S1 the diffraction angle in degrees, and is the full width at half maximum of the diffraction peak maximum in radians (FWHM) [22] . The crystallite size in the ZnO particles presented values ranging from 32 to 57 nm. This result makes evident the influence of the magnitudes of the variables used for each experiment performed.
Morphological Properties.
The morphological properties of ZnO powders synthesized by the homogeneous precipitation technique were analyzed using the scanning and transmission electron microscopy technique. SEM images with a magnification of 30.00 kX are shown in Figure 2 . From the images it can be observed that ZnO powders present different morphologies, such as, spheres, wires, flowers, rods, and tetrahedral features. Particle size was estimated by using the ImageJ software. The average diameter in samples with round particles ranged from 35 to 165 nm, whereas the flowershaped particles were 675 × 382 nm. With respect to size of wires and rods it is not possible to define their dimensions, since the SEM images do not allow seeing the particles limit.
SEM images reveal the formation of nanostructures as well as a porous surface. The most noticeable morphologies are presented in samples S5 (nanowires), S6 (nanorods), and S7 (nanoflowers). In samples S8, S9, S15, S17, and S18, particle agglomerates with a plate appearance are revealed. Samples S3 and S14 present a very porous structure, sponge-like. Additionally, samples S1, S2, S4, S10, S11, S12, and S15 show a uniform distribution with a quasi-spherical morphology. Several authors, such as Wang et al. [23] , Hussain et al. [24] , and Smith and Rodriguez-Clemente [25] , attribute the selfassembly of ZnO in the hexagonal wurtzite phase to the dipole moment and the spontaneous polarization existing along axis , due to the opposing charges produced by the positive charges of Zn (0001) and the negative charge of O (0001). This produces a dipole-dipole interaction between the particles inducing self-assembly. The sample S5 presents the smallest particle size, around 35 nm, whereas sample S1 presents the highest value, on the order of 165 nm.
Furthermore, Zhang et al. [26] analyze the growth kinetic from the point of view of the ion-mediated classical crystal growth by atom/molecular addition. It is said that the aggregation of the particles begins after the particles reach a stable size; later nucleation occurs by colliding with other smaller particles in a random manner, leading to a selfassembly, which may occur by a random or highly oriented process. On the other hand, Sepulveda-Guzman et al. [27] proposed a scheme of self-assembly of the nanoparticles, as given in Figure 3 . Table 3 reports the geometries shown in every sample. Figure 4 shows the TEM micrographs of all the samples processed in this study, from which the shape and size of the particles can be observed with a greater detail. Because not all samples allow the TEM analysis at long times, the images present different magnification. The estimated particle sizes from TEM images are reported in Table 3 .
TEM micrographs confirm the SEM results about the presented morphologies. Most of the particles present round geometry (S1, S3-S6, S8, S10, S11 and S15, S16 and S18), sample S2 is formed by particles with conic geometry, and sample S7 reveals elongated particles with a flower-petals morphology. Samples S12 and S14 show oval (ellipse) form, and, finally, samples S9 and S17 present slightly faceted particles with a hexagonal morphology.
BET Analysis.
The values estimated for the surface area of the particles and the pore volume in the two analyzed samples (S6 and S7) using the BET technique were 19.1 m 2 g −1 and 0.025 m 3 g −1 and 18.2 m 2 g −1 and 0.022 m 3 g −1 for samples S6 and S7, respectively. According to the application of interest of synthesized powders, chemical gas sensors, sample S6 is the most convenient, since in a porous material the gas adsorption improves. These results are reported in Table 3 . Figure 5 shows a typical reflectance spectrum of a ZnO sample. The band gap of the samples was estimated by extrapolating the linear portion between the Kubelka-Munk function and the photon energy. Band gap magnitudes oscillated around of 3.3 eV in all samples.
Optical Properties.
Analysis of the Taguchi Method.
The graphs of interaction in the method of Taguchi are significant, since they are used to interpret the correlation that exists between the variables to be studied and the parameter to optimize, in our case the particle size. In Figure 6 , the trend of each variable is shown graphically with the values or levels used. In these the effect of each factor (Zn precursor type, Zn molar concentration, precipitating agent type, saturation percentage, solvent type, synthesis temperature, stirring speed, and stirring time) is evaluated on the parameter to be studied.
The temperature of synthesis, velocity, and agitation time are variables that show a minor variation or slope, which is indicative of the low influence they have on the measured response. Hence, these three variables could be maintained at any of the proposed levels. On the contrary, the rest of the variables show a greater slope, which shows a more significant effect on the synthesis of the compound. The saturation percentage is the factor that presented the highest S1 S2 S3 S6 S5 S4
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Conclusions
The use of the Taguchi statistical technique allowed exploring the synthesis conditions that most influence the size of the ZnO nanoparticles, obtained by the homogeneous precipitation technique. The reduction in the number of experiments, from 56 to 18, led to significant time and resource savings.
The particle size and shape were obtained directly from the SEM and TEM micrographs. The hexagonal wurtzite structure of ZnO powders was confirmed by X-ray diffractometry. The morphological analysis performed suggests the most suitable ZnO nanoparticles for its application in gas sensors, since there is a direct relation between surface area and gas sensitivity. From the obtained results it is evident that the homogeneous precipitation method is a potential synthesis technique for manufacturing ZnO nanoparticles with adequate particle size control. However, it is clear that more studies are needed to expand knowledge about the mechanisms of formation of nanoparticles. 
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